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1
LEAK LOCALIZATION IN PIPELINE
NETWORK

BACKGROUND

The present invention relates to a pipeline network, and
more specifically, to leak localization in a pipeline network.

Pipeline networks that transport water, natural gas, or
other resources can traverse hundreds of miles at or above
the surface. Sensors and other equipment may be located at
regular or irregular intervals of the network (e.g., every
30-100 miles). In the exemplary case of a gas pipeline, the
sensors may include a pressure sensor, and the equipment
may include a compression station that increases pressure to
push the gas along the pipeline (toward the next compres-
sion station). In the exemplary case of a water pipeline, the
sensors may measure flow rate. Exemplary pipeline systems
may also involve the injection of an acoustic signal and
acoustic sensors. The equipment associated with a pipeline
would additionally include communication equipment to
transmit the sensor information. A supervisory control and
data acquisition (SCADA) system obtains data from and
provides control to the remote sensors and equipment.

SUMMARY

Embodiments include a method, system, and computer
program product for localizing a leak in a pipeline network.
Aspects include identifying a respective measured time at
which an effect of a leak exhibits in a time-varying data
signal measured by each of a plurality of sensors distributed
along the pipeline network, each pair of the plurality of
sensors defining a respective pipe segment therebetween;
estimating, using a processor a time of occurrence of the
leak based on the measured time associated with two or
more of the plurality of sensors; estimating a relative dis-
tance of a leak location from one or more of the plurality of
sensors; and determining the leak location based on the
relative distance.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter which is regarded as the invention is
particularly pointed out and distinctly claimed in the claims
at the conclusion of the specification. The forgoing and other
features, and advantages of the invention are apparent from
the following detailed description taken in conjunction with
the accompanying drawings in which:

FIG. 1 is a block diagram of a system that localizes a leak
within the pipeline network according to embodiments of
the invention;

FIG. 2 illustrates a pipe segment with a leak location
identified according to embodiments detailed below; and

FIG. 3 is a process flow of a method of localizing a leak
in a pipeline network according to embodiments.

DETAILED DESCRIPTION

As noted above, a pipeline network may be used to
transport resources such as natural gas or water over long
distances. A SCADA system receives information from and
provides commands to sensors and other equipment distrib-
uted along the pipeline network. The physical and logical
connections among the measurement points (sensors) within
the pipeline network may be known. That is, the geoposi-
tions of the sensors, as well as the interconnections among
the sensors may be the network may be known. In addition,
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leak identification may be part of the SCADA system
functionality. That is, the fact that there is a leak within the
pipeline network may be known. Embodiments of the sys-
tems and methods detailed herein relate to localizing the
leak such that mitigation and repair efforts may be under-
taken efficiently.

FIG. 1 is a block diagram of a system 100 that localizes
a leak within the pipeline network 150 according to embodi-
ments of the invention. The system 100 may also serve the
SCADA function or may be separate from the SCADA
system that controls the pipeline network 150. The pipeline
network 150 (e.g., gas pipeline, water pipeline) includes
sensors 155 at known locations based on geopositioning.
The pipeline network 150 also includes interconnections 160
among the sensors 155. The exemplary pipeline network 150
in FIG. 1 includes exemplary sensors 155 A, B, C, D, and E.
The system 100 includes one or more memory devices 110
and one or more processors 120. The system 100 includes
additional known components that perform functions such
as, for example, communication with the sensors 155 of the
pipeline network 150. The memory device 110 stores
instructions implemented by the processor 120 to localize a
leak. According to the embodiments detailed below, the
memory device 110 may additionally store information
indicating the geopositions of the sensors 155 and a repre-
sentation of the interconnections among the sensors 155.
The interconnections 160 between sensor 155 locations are
pipe segments 165 that make up the full pipeline network
150. That is, a pipe segment is defined by the two sensors
155 on either end (e.g., the interconnection 160 between
sensor 155 B and sensor 155 D is a pipe segment 165). The
localization of a leak, according to embodiments herein,
refers to determining not only a particular pipe segment 165
in which the leak occurs but also the relative distance from
each of the two sensors 155 defining the pipe segment 165.
Based on this localization, repairs or other mitigating actions
may be undertaken to manage the pipeline network 150.

Three scenarios are discussed herein. The first two are
unlikely but provide explanatory building blocks for the
localization of leaks in the third scenario according to
embodiments. In the first scenario, it is assumed that the flow
of the resource (e.g., gas, water) is not affected by the
particular pipe segment 165 or by the direction of flow (i.e.,
flow is segment and direction invariant). That is, delay
associated with flow from sensor 155 A to sensor 155 B
(d ) is the same as delay associated with flow from sensor
155 B to sensor 155 A (d_,), where sensors 155 A and B
refer to any two successive sensors 155 in the pipeline
network 150 that define (bound) a pipe segment 165. In the
second scenario, flow is assumed to be segment invariant but
direction dependent. Thus, for any pipe segment 165 defined
by any two successive sensors 155 Aand B, d, z=d 4. In the
third scenario, flow is both segment and direction dependent.
This is most likely in a given pipeline network 150. Delay
may be designated as d ;,, where A and B indicate the
sensors 155 defining the pipe segment 165 and the flow
direction (A,B indicating A—B and B,A indicating B—A)
and k indicates the segment number.

FIG. 2 illustrates a pipe segment 165 with a leak location
210 identified according to embodiments detailed below.
The pipe segment 165 shown in FIG. 2 is defined by sensors
155 X and Y. As noted above, the geoposition of each of the
sensors 155 X and Y is known. The embodiments detailed
herein provide a relative distance to the leak location 210
from each of the sensors 155 X and Y. Thus, the leak location
210 may be obtained from the geoposition of the sensors 155
and the relative distance according to known techniques.
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Each of the sensors 155 X and Y transmits measured
time-varying data (e.g., pressure, flow rate, acoustic signal)
to the system 100, as indicated. The system 100 may or may
not be the SCADA system that controls the pipeline network
150.

FIG. 3 is a process flow of a method of localizing a leak
in a pipeline network 150 according to embodiments. Local-
izing a leak in the pipeline network 150 refers to determining
the leak location 210 within the pipe segment 165. As noted
above, depending on the specific type of pipeline network
150 (e.g., gas pipeline, water pipeline), the time-varying
data measured by the sensors 155 may be pressure, flow rate,
or acoustic signal, for example. When a leak occurs, a
discernable disruption in the data (e.g., pressure change)
being measured by the sensors 155 occurs at some time after
the time of occurrence of the leak. Also, the disruption
occurs at each of the two sensors 155 that define the (leaky)
pipe segment 165 at a time commensurate with the relative
position of the leak within the pipe segment 165. That is,
when the leak location 210 is closer to one end of the pipe
segment 165 (e.g., leak location 210 is closer to sensor 155
X than to sensor 155 Y), then the disruption in the data
measured by the sensor 155 X will manifest prior to the
disruption in data measured by sensor 155 Y. When the leak
location 210 is equidistant to each of the sensors 155 X and
Y, then the disruption in the time-varying data measurement
at each sensor 155 X and Y will occur at the same time. This
time difference (or equality) is the basis for determining the
relative position of the leak within a segment 165, as
detailed below. The processes are first detailed below assum-
ing the first scenario (flow is segment and direction invari-
ant) for explanatory purposes. Variations in the processes for
the second and third scenario are then discussed. The
process at block 350 is only performed for the third scenario,
as further discussed below.

At block 305, identifying a leak is done according to
known methods. For example, time-window spectral analy-
sis may be performed on the time-varying data signal
measured by each sensor 155 to identify the disruption or
disturbance in the steady state spectrum. In the exemplary
case of a gas pipeline, a compression station may increase
pressure at one or more points along the pipeline network
150 to aid in the transport of the gas. Thus, the spectral
analysis must distinguish the pressure increase from a pres-
sure drop that would result from a leak based on a threshold,
for example. Time-window histogram analysis of a fast
Fourier transform (FFT), wavelet, or other domain transfor-
mation may be performed on the time-varying data to
identify the leak instead. As part of this process, the time (t,)
at which the disruption in the data is detected at each given
sensor 155 i is recorded.

At block 310, isolating the pipe segment 165 with a leak
may involve a process of elimination. The process of elimi-
nation is based on the fact that the sum of the time difference
between the leak occurring and a data disruption caused by
the leak being recorded (based on a disruption in the data
measured) at each of the sensors 155 defining the pipe
segment 165 must total the time for the data to traverse the
length of the pipe segment 165 when the leak is within that
pipe segment 165. Put another way, if the following equation
holds true for a given pipe segment 165, then the pipe
segment 165 does not include the leak:

[EQ. 1]

In EQ. 1, ty and t; are times at which the disturbance in the
time-varying data is recorded at the sensor 155 X and the
sensor 155Y, respectively, and Ty y is the total time from

lty-tyleTyy
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sensor 155 X to sensor 155 Y. Specifically, Ty ;- is the total
time it would take for the disturbance or change in the data
(e.g., pressure, flow rate) being recorded by the sensors 155
to travel from one end of the pipe segment 165 to the other.
Every pipe segment 165 in the pipeline network 150 may not
be the same length such that T, ..., may be different for
each pair of first and second sensors 155. The pipe segment
165 length may be determined based on the geopositions of
the sensors 155 that define the pipe length 165. The approxi-
mation (=) sign in EQ. 1 is an equal sign (=) for the first
scenario because flow is direction invariant (flow from the
leak to sensor 155 X and flow from the leak to sensor 155
Y are not different based on direction). However, flow is
direction dependent for the second and third scenarios. Thus,
the pipe segment 165 does not include the leak if EQ. 1 is
approximately true (i.e., the pipe segment 165 for which EQ.
1 is the least true is the one with the leak). This process is
not performed separately for the third scenario. Instead,
determining the pipe segment 165 with the leak (at block
310) is combined with the processes at blocks 320 and 330,
as detailed below.

At block 320, estimating the time of occurrence of the
leak, t, involves the following equation for the first scenario
(when flow is segment and direction invariant):

(tx-D+(er-D=Txy [EQ. 2]
That is, the total time (T ;) through the pipe segment 165
defined by sensor 155 X and sensor 155 Y is used along with
the time at which each of the sensors 155 X and Y detected
the leak as a disturbance in the measured data (t, and t;) to
estimate the time of occurrence of the leak (t). The total time
Ty yis determined based on the length of the pipe segment
165 and the diameter of the pipe segment 165 (assuming a
uniform diameter). Estimating the time of occurrence of the
leak for the second and third scenarios is discussed below.
Estimating the relative distance to the leak location 210 from
each sensor 155 X and Y that defines the pipe segment 165
with the leak, at block 330, involves respectively using EQ.
3 and EQ. 4 below for the first scenario:

(tx0)Txy [EQ. 3]

(tr-0/Txy [EQ. 4]

EQ. 3 provides an estimate of the relative distance from
sensor 155 X to the leak location 210, and EQ. 4 provides
an estimate of the relative distance from sensor 155 Y to the
leak location 210. Estimating the relative distance to the leak
location 210 for the second and third scenarios is discussed
below. Localizing the leak, at block 340, refers to determin-
ing the leak location 210 on the pipe segment 165 based on
relative distance and applies to all three scenarios. Localiz-
ing the leak involves the length (L ;) of the pipe segment
165 defined by sensor 155 X and sensor 155 Y according to
the following:

Lyt t)Txy [EQ. 5]

Based on the known geoposition of the sensors 155 X and
Y, the geolocation of the leak location 210 may be deter-
mined, as well.

For the second scenario (when flow is segment invariant
but direction dependent), the processing at blocks 320 and
330 differs from the discussion above with regard to the first
scenario. This is because the assumption that forms the basis
of EQ. 2 does not hold when flow is direction dependent.
Instead, both the time of occurrence of the leak and the
relative distance of the leak from sensor 155 X are deter-



US 9,470,601 B1

5

mined by determining the minimum relative distance to the
leak along the pipe segment 165 (p) and time of occurrence
of the leak (t) that satisfy:

Idx /(p)+dx /(p)-(Ex-0)- 1=y [EQ. 6]

In EQ. 6, dy (p) is the delay from the sensor 155 X to the
leak location 210 in the direction from sensor 155 X to
sensor 155 Y, and dy. »(p) is the delay from the sensor 155
Y to the leak location 210 in the direction from the sensor
155 Y to sensor 155 X. As a comparison of EQ. 2 with EQ.
6 indicates, the delays (dy 4(p) and d.{(p)) add up to total
time total time (T ;) through the pipe segment 165 defined
by sensor 155 X and sensor 155 Y in the ideal case (the first
scenario) because pipe diameter is assumed to be constant in
the first scenario. In minimizing p and t to satisfy EQ. 6, the
following constraints must also be met:

Ospslyy [EQ. 7]

EQ. 7 indicates that the relative distance to the leak must be
less than the length of the pipe segment 165. This would
have to be true if the leak is within the pipe segment 165.
And:

t=min(tyty)

[EQ. 8]

EQ. 8 indicates that the time of occurrence of the leak must
precede the time that the disruption in the data caused by the
leak reaches either of the sensors 155 X and Y. This would
also have to be true if the leak is within the pipe segment 165
defined by sensors 155 X and Y. At this point, localizing the
leak, at block 340, could proceed for the second scenario,
using EQ. 5.

For the third scenario (when flow is both segment and
direction dependent), the processing at blocks 320 and 330
differs from the discussion above with regard to both the first
and second scenarios. Also, as noted above, the process at
block 310 is not performed as described above but is,
instead, part of the estimations at blocks 320 and 330. For
the third scenario, performing a delay model calibration, at
block 350, precedes the other processing that is performed
following a leak. The delay model calibration (at block 250)
is performed based on observation of the pipeline network
150 during normal operation (without any leaks). The obser-
vation over time generally detects flow in both directions of
each pipe segment 165 of the pipeline network 150. The
delay value d is given by:

dk,i,j:Dk,i,jF ki [EQ. 9]

In EQ. 9, D, ;; is a diameter change in the k-th pipe
segment 165 in the direction from sensor 155 i to sensor 155
J» and F, - is the friction factor in the k-th pipe segment 165
in the direction from sensor 155 i to sensor 155 j. Thus, the
delay d may be estimated by determining minimum friction
F values that satisfy the following expression:

[EQ. 10]

In EQ. 10, k is the pipe segment 165 index, K is the number
of pipe segments 165, and i and j designate the two sensors
155 that define the pipe segment 165. Also, d is delay (in the
forward or backward direction in the pipe segment 165)
during normal operation that is estimated based on obser-
vation. In the exemplary pipe segment 165 shown in FIG. 2,
iand j are X and Y, respectively. The friction factor for any
given pipe segment 165 in any given direction (e.g., Fy; )
cannot exceed a maximum friction factor for the pipeline
network 150.

After the calibration process for the third (realistic) sce-
nario, the minimum values of the pipe segment 165 includ-
ing the leak (N), the relative distance to the leak along that

K ~ K ~
21 i A orward 1 2t = D paciowaralL
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pipe segment 165 (p), and the time of occurrence of the leak
(t) that satisfy the following are solved:

‘EIFOALldk,if"dN,i,'(P)+dN,/,i(P)+21FN+1de,',i—(li—l)—

@G-l [EQ. 11]
EQs. 7, 8, and 10, above, apply, as well, to EQ. 11. The value
of N (the pipe segment 165 with the leak) is changed
iteratively (e.g., N=1, N=2, . . ., N=K) to determine the
minimum N value for which relative distance p and time of
occurrence t are minimized. As EQ. 11 indicates, when N=0,
the sum (of d, ; ;) is from k-0 to -1 and is just not done. Once
these values are estimated, the localization of the leak, at
block 340, may be performed as discussed above.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms
as well, unless the context clearly indicates otherwise. It will
be further understood that the terms “comprises” and/or
“comprising,” when used in this specification, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, element components, and/or groups thereof

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements in the
claims below are intended to include any structure, material,
or act for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described in order to best explain the principles of the
invention and the practical application, and to enable others
of ordinary skill in the art to understand the invention for
various embodiments with various modifications as are
suited to the particular use contemplated.

The flow diagrams depicted herein are just one example.
There may be many variations to this diagram or the steps
(or operations) described therein without departing from the
spirit of the invention. For instance, the steps may be
performed in a differing order or steps may be added, deleted
or modified. All of these variations are considered a part of
the claimed invention.

While the preferred embodiment to the invention had
been described, it will be understood that those skilled in the
art, both now and in the future, may make various improve-
ments and enhancements which fall within the scope of the
claims which follow. These claims should be construed to
maintain the proper protection for the invention first
described.

The descriptions of the various embodiments of the
present invention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.
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The present invention may be a system, a method, and/or
a computer program product at any possible technical detail
level of integration. The computer program product may
include a computer readable storage medium (or media)
having computer readable program instructions thereon for
causing a processor to carry out aspects of the present
invention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but is not limited to, an
electronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
is not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

Computer readable program instructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface in each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage in a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine instructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, con-
figuration data for integrated circuitry, or either source code
or object code written in any combination of one or more
programming languages, including an object oriented pro-
gramming language such as Smalltalk, C++, or the like, and
procedural programming languages, such as the “C” pro-
gramming language or similar programming languages. The
computer readable program instructions may execute
entirely on the user’s computer, partly on the user’s com-
puter, as a stand-alone software package, partly on the user’s
computer and partly on a remote computer or entirely on the
remote computer or server. In the latter scenario, the remote
computer may be connected to the user’s computer through
any type of network, including a local area network (LAN)
or a wide area network (WAN), or the connection may be
made to an external computer (for example, through the
Internet using an Internet Service Provider). In some
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embodiments, electronic circuitry including, for example,
programmable logic circuitry, field-programmable gate
arrays (FPGA), or programmable logic arrays (PLA) may
execute the computer readable program instructions by
utilizing state information of the computer readable program
instructions to personalize the electronic circuitry, in order to
perform aspects of the present invention.

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks in the
flowchart illustrations and/or block diagrams, can be imple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function in a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified in the flowchart and/or block diagram block or
blocks.

The computer readable program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer imple-
mented process, such that the instructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified in the flow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams in the Figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or
portion of instructions, which comprises one or more
executable instructions for implementing the specified logi-
cal function(s). In some alternative implementations, the
functions noted in the blocks may occur out of the order
noted in the Figures. For example, two blocks shown in
succession may, in fact, be executed substantially concur-
rently, or the blocks may sometimes be executed in the
reverse order, depending upon the functionality involved. It
will also be noted that each block of the block diagrams
and/or flowchart illustration, and combinations of blocks in
the block diagrams and/or flowchart illustration, can be
implemented by special purpose hardware-based systems
that perform the specified functions or acts or carry out
combinations of special purpose hardware and computer
instructions.

What is claimed is:

1. A computer-implemented method of localizing a leak in
a pipeline network, the method comprising:

identifying a respective measured time at which an effect

of a leak exhibits in a time-varying data signal mea-
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sured by each of a plurality of sensors distributed along
the pipeline network, each adjacent pair of the plurality
of sensors defining a respective pipe segment therebe-
tween;
estimating, using a processor, a time of occurrence of the
leak based on the measured time associated with two or
more of the plurality of sensors;
estimating, using the processor, a relative distance of a
leak location from one or more of the plurality of
Sensors;
determining, using the processor, the leak location based
on the relative distance; and
performing a delay model calibration during normal
operation without the leak in the pipeline network, the
delay model calibration determining propagation delay
d of the time-varying data signal in both directions
through each of the pipe segments of the pipeline
network.
2. The computer-implemented method according to claim
1, wherein the propagation delay d for each respective pipe
segment k defined by each of the pair of the plurality of
sensors 1 and j is given by:

;7= DreifFri» Where

D is a diameter change and F is a friction factor in the pipe
segment k in the direction from one of the pair of the
plurality of sensors i to another of the pair of the
plurality of sensors j.

3. The computer-implemented method according to claim

2, wherein the performing the delay model calibration
includes estimating the propagation delay d in each direction
by determining corresponding minimum values of the fric-
tion factor F that satisfy an expression:

+

5

K K
Z dii; — 4 forward Z dy ;i — Apackward
k=1 k=1

1 1

where

afo,wa,d and d,,_.,,..c are the observed delays in each of

the two directions through the pipe segment.

4. The computer-implemented method according to claim
1, wherein the estimating the time of occurrence t of the leak
and the estimating the relative distance p of the leak location
from each of the pair of the plurality of sensors is accom-
plished by performing an iterative operation, each iteration
considering a different pipe segment corresponding to each
of' the pairs of the plurality of sensors as the pipe segment N
that includes the leak.

5. The computer-implemented method according to claim
4, wherein the performing the iterative operation includes
determining a minimum value for each of N, t, and p that
satisfy:

N-1 K
Z i, j + A j(p)+dy ji(p) + Z G ji— G =0D—(; -1,
= [t !

where
k is a pipe segment index, d,;; is the propagation delay
from one of the pair of the plurality of sensors i to
another of the plurality of sensors j, dy, (p) is the
propagation delay over the relative distance p in a
direction from the one of the pair of the plurality of
sensors 1 to the other of the plurality of sensors j, and

10

15

20

25

30

35

40

45

50

55

60

65

10

ti and tj are the measured time at the one of the pair of
the plurality of sensors i and the other of the plurality
of sensors j, respectively.

6. The computer-implemented method according to claim
1, wherein the determining the leak location includes deter-
mining a position of the leak based on a geoposition of each
of the pair of the plurality of sensors that define the pipe
segment with the leak.

7. A system to localize a leak in a pipeline network, the
system comprising:

a memory device configured to store a geoposition of each
of a plurality of sensors distributed along the pipeline
network, each adjacent pair of the plurality of sensors
defining a respective pipe segment therebetween; and

a processor configured to identify a respective measured
time at which an effect of a leak exhibits in a time-
varying data signal measured by each of the plurality of
sensors, estimate a time of occurrence of the leak based
on the measured time associated with two or more of
the plurality of sensors, estimate a relative distance of
a leak location from one or more of the plurality of
sensors, and determine the leak location based on the
relative distance, wherein the processor further per-
forms a delay model calibration during normal opera-
tion without the leak in the pipeline network to deter-
mine propagation delay d of the time-varying data
signal in both directions through each of the pipe
segments of the pipeline network.

8. The system according to claim 7, wherein the processor
determines the propagation delay d for each respective pipe
segment k defined by each of the pair of the plurality of
sensors 1 and j based on:

;7= DreifFri» Where

D is a diameter change and F is a friction factor in the pipe
segment k in the direction from one of the pair of the
plurality of sensors i to another of the pair of the
plurality of sensors j.

9. The system according to claim 8, wherein the processor
performs the delay model calibration to estimate the propa-
gation delay d in each direction by determining correspond-
ing minimum values of the friction factor F that satisfy an
expression:

+

5

K K
Z dyi,j = @ forward Z dy ;i = Apackward
k=1 k=1

1 1

where

afo,wa,d and d,, ..., are the observed delays in each of

the two directions through the pipe segment.

10. The system according to claim 7, wherein the pro-
cessor estimates the time of occurrence t of the leak and the
relative distance p of the leak location from each of the pair
of the plurality of sensors by performing an iterative opera-
tion, each iteration considering a different pipe segment
corresponding to each of the pairs of the plurality of sensors
as the pipe segment N that includes the leak.

11. The system according to claim 10, wherein the pro-
cessor performs the iterative operation by determining mini-
mum values for each of N, t, and p that satisfy:

N-1 K
Z i, j + dw,ij(P) + dy i(p) + Z dji—(G=0—(t; -1,
=1 KN L
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where

k is a pipe segment index, d,,  is the propagation delay
from one of the pair of the plurality of sensors i to
another of the plurality of sensors j, dy, (p) is the
propagation delay over the relative distance p in a
direction from the one of the pair of the plurality of
sensors 1 to the other of the plurality of sensors j, and
ti and tj are the measured time at the one of the pair of
the plurality of sensors i and the other of the plurality
of sensors j, respectively.

12. The system according to claim 7, wherein the pro-
cessor determines the leak location based on the geoposition
of each of the pair of the plurality of sensors that define the
pipe segment with the leak and the relative distance of the
leak location from each of the pair of the plurality of sensors
that define the pipe segment with the leak.

13. A computer program product for localizing a leak in
a pipeline network, the computer program product compris-
ing a computer readable storage medium having program
instructions embodied therewith, the program instructions
executable by a processor to perform a method comprising:

identifying a respective measured time at which an effect

of a leak exhibits in a time-varying data signal mea-
sured by each of a plurality of sensors distributed along
the pipeline network, each adjacent pair of the plurality
of sensors defining a respective pipe segment therebe-
tween;

estimating a time of occurrence of the leak based on the

measured time associated with two or more of the
plurality of sensors;

estimating a relative distance of a leak location from one

or more of the plurality of sensors; and

determining the leak location based on the relative dis-

tance; and

performing a delay model calibration during normal

operation without the leak in the pipeline network, the
delay model calibration determining propagation delay
d of the time-varying data signal in both directions
through each of the pipe segments of the pipeline
network.

14. The computer program product according to claim 13,
wherein the propagation delay d for each respective pipe
segment k defined by each of the pair of the plurality of
sensors 1 and j is given by:

;7= DreifFri» Where
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D is a diameter change and F is a friction factor in the pipe
segment k in the direction from one of the pair of the
plurality of sensors i to another of the pair of the
plurality of sensors j.

15. The computer program product according to claim 14,
wherein the performing the delay model calibration includes
estimating the propagation delay d in each direction by
determining corresponding minimum values of the friction
factor F that satisfy an expression:

K
+ Z dy i — Apackwerd| »

=1 1

K
Z dii; — A forward
sy

1

where )

dgrvara A0 Ay oz, are the observed delays in each of

the two directions through the pipe segment.

16. The computer program product according to claim 13,
wherein the estimating the time of occurrence t of the leak
and the estimating the relative distance p of the leak location
from each of the pair of the plurality of sensors is accom-
plished by performing an iterative operation, each iteration
considering a different pipe segment corresponding to each
of the pairs of the plurality of sensors as the pipe segment N
that includes the leak.

17. The computer program product according to claim 16,
wherein the performing the iterative operation includes
determining a minimum value for each of N, t, and p that
satisty:

K
Z dpji— @G == -0,

N-1
Z i j+dn,ij(P) + dyji(p) +
= KN+ |

where

k is a pipe segment index, d, ; is the propagation delay
from one of the pair of the plurality of sensors i to
another of the plurality of sensors j, dy,(p) is the
propagation delay over the relative distance p in a
direction from the one of the pair of the plurality of
sensors 1 to the other of the plurality of sensors j, and
ti and tj are the measured time at the one of the pair of
the plurality of sensors i and the other of the plurality
of sensors j, respectively.
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